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The mTOR signaling complex integrates signals from growth factors and nutrient availability to control cell
growth and proliferation, in part through effects on the protein-synthetic machinery. Protein synthesis rates
fluctuate throughout the cell cycle but diminish significantly during the G2/M transition. The fate of the mTOR
complex and its role in coordinating cell growth and proliferation signals with protein synthesis during mitosis
remain unknown. Here we demonstrate that the mTOR complex 1 (mTORC1) pathway, which stimulates
protein synthesis, is actually hyperactive during mitosis despite decreased protein synthesis and reduced
activity of mTORC1 upstream activators. We describe previously unknown G2/M-specific phosphorylation of
a component of mTORC1, the protein raptor, and demonstrate that mitotic raptor phosphorylation alters
mTORC1 function during mitosis. Phosphopeptide mapping and mutational analysis demonstrate that mitotic
phosphorylation of raptor facilitates cell cycle transit through G2/M. Phosphorylation-deficient mutants of raptor
cause cells to delay in G2/M, whereas depletion of raptor causes cells to accumulate in G1. We identify cyclin-
dependent kinase 1 (cdk1 [cdc2]) and glycogen synthase kinase 3 (GSK3) pathways as two probable mitosis-
regulated protein kinase pathways involved in mitosis-specific raptor phosphorylation and altered mTORC1
activity. In addition, mitotic raptor promotes translation by internal ribosome entry sites (IRES) on mRNA during
mitosis and is demonstrated to be associated with rapamycin resistance. These data suggest that this pathway may
play a role in increased IRES-dependent mRNA translation during mitosis and in rapamycin insensitivity.

Cell growth and cell division are tightly coordinated pro-
cesses required for cells to remain equal in size after division.
In unicellular organisms, cell growth and proliferation are co-
ordinated by nutrient availability, whereas their multicellular
counterparts must also respond to growth factor input. Both
processes lead to organismal growth as well as to increased cell
number and cell mass. Cell growth and cell proliferation are
also linked via the mTOR signaling pathway (16, 17). The
mTOR kinase forms a distinct signaling complex (mTORC1)
that participates in the coordination of nutrient and growth
factor signaling. mTORC1 is composed of the kinase mTOR,
the adaptor protein raptor, and the regulatory protein LST8
(25, 33, 34, 72).

Accumulation of cellular proteins leads to cell growth and
cell division. However, cell growth occurs only during certain
phases of the cell cycle, necessitating that protein synthesis
rates oscillate during cell cycling (40). In addition, in quiescent
cells in G0, protein synthesis rates are significantly reduced,
whereas a select group of mRNAs maintain active translation
(20, 68). During the G1 phase, overall protein synthesis rates
increase through S phase to allow cells to grow and enter
another round of cell division while maintaining cell size (2, 3,

42, 45). As with G0, entrance into mitosis (G2/M phase) results
in a global downregulation by as much as 60 to 80% of cap-
dependent mRNA translation in primary, immortalized, and
some transformed cells (5, 14, 29).

Studies report several possible mechanisms for inhibition of
protein synthesis during mitosis. Translation initiation requires
the formation of an initiation factor complex known as eukary-
otic translation initiation factor 4F (eIF4F), which consists of
cap binding protein eIF4E, molecular scaffold protein eIF4G,
and RNA helicase eIF4A. Together, they recruit ribosomes to
mRNAs via bridging interactions between the 7-methyl-GTP
(m7GTP) 5� cap and the small 40S ribosomal subunit. Down-
regulation of protein synthesis during G2/M was first ascribed
to hypophosphorylation of eIF4E and the eIF4E binding pro-
teins (4E-BPs) (5, 46). 4E-BPs are activated by hypophosphor-
ylation, which allows them to bind and sequester eIF4E,
preventing it from binding eIF4G and thereby blocking cap-
dependent mRNA translation. More recently, several stud-
ies suggest that 4E-BP1, the major 4E-BP and a key target
of mTORC1, is actually hyperphosphorylated (inactivated)
during mitosis (26, 49). It is puzzling, then, that the phos-
phatidylinositol 3-kinase (PI3K)/AKT network and AKT
itself (which modulate mTORC1 activity) are reportedly
inactivated during late mitosis (1, 9, 22). In addition, phos-
phorylation of another mTORC1 target, ribosomal S6 ki-
nase 1 (S6K1), and its activity are actually highest during
G2/M phase, consistent with elevated mTORC1 activity dur-
ing mitosis (6).

In this study we show that, despite repression of AKT and
other activators of mTORC1 activity in mitosis, mTORC1 re-
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mains active and phosphorylates 4E-BP1 and S6K1 during
G2/M. We describe the multisite phosphorylation of raptor
during mitosis, and we identify seven mitosis-specific raptor
phosphorylation sites. By developing phosphomimetic and
phosphorylation-deficient mutants of raptor, we show that hy-
perphosphorylated raptor promotes cell cycle transit through
G2/M, whereas hypophosphorylated raptor promotes transit
through G1. Raptor phosphorylation is shown to involve kinase
pathways that are known to be active during mitosis, including
cyclin-dependent kinase 1 (cdk1 [cdc2]) and glycogen synthase
kinase 3 (GSK3) pathways that are also upregulated in certain
human cancers, including breast cancers. These and other find-
ings disclose a novel regulatory network for mTORC1 that is
active during mitosis, important for G2/M progression and
increased internal ribosome entry site (IRES)-dependent
translation during mitosis, and indirectly associated with rapa-
mycin resistance.

MATERIALS AND METHODS

Cell culture and inhibitors. All inhibitors were obtained from Calbiochem
unless otherwise noted. The PP242 inhibitor was a gift from K. M. Shokat of the
University of California, San Francisco. Human embryonic kidney (HEK) 293T
and 293GP cells (expressing the gag-pol gene from HIV) were cultured in
Dulbecco’s modified Eagle medium (DMEM; Cellgro) containing 10% bovine
calf serum (HyClone). HaCaT and 4T1 cells and neonatal human dermal fibro-
blasts (NHDF) were maintained in DMEM (Cellgro) with 10% fetal bovine
serum (FBS; Gemini). MCF10A cells were cultured in Ham’s F-12–DMEM
(Cellgro) supplemented with 5% horse serum (Gibco), 2 mM glutamine (Bio-
Whittaker), 20 ng/ml epidermal growth factor (EGF; Invitrogen), 100 ng/ml
cholera toxin (Calbiochem), 0.01 mg/ml bovine insulin (Gibco), and 500 ng/ml
hydrocortisone. All experiments were performed with exponentially growing
cells plated at approximately 40% cell density.

Metabolic labeling and preparation of extracts. Cells were pulse-labeled for 30
min with 10 �Ci of [35S]methionine and [35S]cysteine mix per ml (Easytag
Express protein labeling mix; Perkin Elmer) in DMEM without methionine and
cysteine and containing 2% dialyzed FBS. Cells were washed twice in ice-cold 1�
phosphate-buffered saline (PBS) and lysed in ice-cold buffer A (0.5% [vol/vol]
Igepal, 150 mM NaCl, 50 mM HEPES, pH 7.0, 2 mM Na3VO4, 25 mM �-glyc-
erophosphate, complete protease inhibitor mix [Roche]). Debris was removed by
centrifugation at 13,000 � g and 4°C for 10 min, and the supernatants were
stored at �80°C. Protein content was determined by the Bradford method
(Bio-Rad). Immunoprecipitations (IPs) involving mTORC1 were performed as
described previously (51).

Mitotic arrest and G1 synchronization. HaCaT, MCF10A, NHDF, and 4T1
cells were arrested in mitosis by incubation of cells with 5 mM thymidine for 16 h
and released for 8 h, followed by addition of 40 ng/ml nocodazole for 6 h (76).
At the end of this procedure, mitotic cells were dislodged by mechanical shake-
off, resulting in significant (�80%) enrichment of the mitotic cell fraction. 293T
cells were partially arrested by 12 h of incubation with 20 ng/ml nocodazole. G1/S
synchronization was achieved by a double thymidine block. Cells were treated
with 5 mM thymidine for 16 h, released for 10 h, and blocked again with 5 mM
thymidine for an additional 16 h before release. Cell cycle distribution was
determined by fluorescence-activated cell sorter (FACS) analysis after release
from the double block. For treatment with inhibitors, chemicals were added at
the same time as nocodazole. LY294002 was used at 10 �M, rapamycin at 100
nM, CGP74514A at 1.5 �M, SB218078 (SB) at 2.5 �M, TBB (4,5,6,7-tetrabro-
mobenzotriazole) at 25 �M, PD98059 at 10 �M, and 6-bromoindirubin-3�-oxime
(BIO) at 2 �M. AICAR (aminoimidazole carboxamide ribonucleotide; Toronto
Research Chemicals) was used at 2 mM for 1 h.

Measurement of cell proliferation and cell cycle distribution. Cell prolifera-
tion was measured by a standard MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide] cell proliferation assay. Cells were plated in quadrupli-
cate (per time point) in 96-well format and subsequently quantified four times
over a course of 96 h. Wells were treated with 20% sterile-filtered 5-mg/ml MTT
(Sigma) in DMEM over 6 h at 37°C. The reduced formazan was then solubilized
overnight in a solution of 50% N,N-dimethylformamide (DMF) and 20% SDS.
Colorimetric quantification was performed with a Tecan Sunrise microplate
reader at 570 nm, with a negative reference at 450 nm. Relative proliferation

rates were determined from the first-order logarithmic regression analysis of the
colorimetric change over time per condition. Results were normalized to control
cells. For cell cycle distribution analysis, HaCaT cells at similar densities were
trypsinized, ethanol fixed, and labeled with 200 mg/ml propidium iodide in 38
mM sodium citrate in the presence of RNase A. DNA histograms were acquired
using a FACSCalibur flow cytometer (Becton Dickinson) and analyzed using
ModFit LT (Ventry Software) or FlowJo (Tree Star).

See the supplemental material for experimental procedures related to anti-
bodies, immunoprecipitations, the S6K kinase assay, transfection and retrovirus
production, tryptic phosphopeptide mapping, RNA interference (RNAi) and
lentivirus transduction, and DNA constructs.

RESULTS

mTORC1 is active during mitosis despite decreased PI3K/
AKT activity. To address the role of PI3K/AKT/mTORC1
signaling during mitosis, HaCaT cells were arrested at
prophase/prometaphase by sequential incubation with thymi-
dine and nocodazole followed by mechanical shake-off. Im-
mortalized keratinocytes (HaCaT cells) were utilized because
they arrest well and demonstrate significant downregulation of
protein synthesis during mitosis, unlike most highly trans-
formed cell lines (11). Furthermore, mitotic arrest of HaCaT
cells by this approach does not induce apoptosis or terminal
withdrawal from the cell cycle, unlike other methods (50).
FACS analysis of the cell cycle distribution demonstrated a
�80% accumulation of HaCaT cells in G2/M due to thymi-
dine-nocodazole treatment compared to untreated asynchro-
nous cells (Fig. 1A). Translation rates for mitotic cells were
reduced by 80% compared to those for untreated asynchro-
nous cells (Fig. 1B). Importantly, with release from G2/M cell
cycle blockade, almost 90% of HaCaT cells rapidly reentered
the cell cycle (Fig. 1C). This is evidenced by quantitative move-
ment of cells from G2/M into G1 (80 to 90%) by 2.5 h postre-
lease, by movement into S phase by 8 h, and by reentry into G1

by 16 to 20 h.
AKT is phosphorylated at position S473 by the mTOR-rictor

(rapamycin-insensitive) complex known as mTORC2, followed
by activation by phosphoinositide-dependent kinase 1 (PDK1)
of phosphorylation at position T308 (19, 28, 55). Phosphory-
lation of AKT at T308 and S473 and phosphorylation of its
immediate substrates PRAS40 (which migrates as a doublet
during mitosis) at T246 and TSC2 at T1462 were strongly
reduced during mitosis, whereas total protein levels of AKT,
PRAS40, and TSC2 were unchanged (Fig. 2A) (10, 28, 31, 35,
55). Interestingly, the mTORC1 targets S6K1 (and in turn
ribosome protein S6) and 4E-BP1 were strongly hyperphos-
phorylated at their mTORC1-specific sites during mitosis, and
PDCD4 levels were reduced, consistent with S6K phosphory-
lation and activation (Fig. 2B). PRAS40 has been shown to be
a target of mTOR (43). Accordingly, PRAS40 phosphorylation
at S183 by mTORC1, which leads to an active mTOR/raptor
complex, was increased during mitosis (Fig. 2B) (65). Surpris-
ingly, phosphorylation of mTOR at S2448 was decreased in
mitosis, which correlates with decreased phosphorylation of
TSC2 at T1462 and phosphorylation of S6K1 at T389 (Fig. 2A
and B). It has also been proposed that AKT phosphorylates
mTOR at S2448 (13, 58). Because phosphorylation of AKT
was decreased in mitotic cells, this could potentially explain the
decrease in mTOR phosphorylation. However, replacement of
serine with alanine at this site has been shown to have no effect
on mTOR activity (58). These data therefore suggest that
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mTOR remains strongly active despite downregulation of AKT
activity in mitosis. As shown later, analysis of mTORC1 kinase
activity during mitosis substantiates this conclusion.

Both S6K1 and 4E-BP1 are reportedly also phosphorylated
by cdc2/cdk1 during mitosis (26, 59). 4E-BP1 has been shown
to be phosphorylated by cdc2 at position T70, which is only one
of several phosphorylation sites required for inactivation of
4E-BP1 (22, 26, 57). Thus, activity of mTOR is likely required
for additional 4E-BP1 phosphorylation during mitosis. S6K1 is
phosphorylated by cdc2 at several sites but not at the mTOR
phosphorylation site, T389 (59). The S6K1 target, S6 protein,
was also highly phosphorylated during mitosis; this was ex-
pected if mTORC1 is active, as was downregulation of PDCD4
levels (Fig. 2B) (6, 12). Although the Ras/Erk signaling net-
work reportedly activates mTORC1 during mitosis (39), we
could not detect Erk1/2 phosphorylation at its activation sites
in mitotically arrested HaCaT cells (Fig. 2C). Proof that Erk1/2
is not required for mTORC1 activity during mitosis was ob-
tained by blocking this pathway with MEK inhibitor PD98059,
which also did not prevent 4E-BP1 or S6K1 phosphorylation
(Fig. 2C). To exclude cell-type-specific effects of mitosis on
mTORC1, we compared primary cells (neonatal human der-
mal fibroblasts [NHDF]), immortalized cells (HaCaT and im-

mortalized breast epithelial cells [MCF10A]), and highly trans-
formed cells (4T1 mouse mammary tumor cells). We found
that all cell types displayed diminished AKT phosphorylation
and increased 4E-BP1 phosphorylation in mitosis (Fig. 2D),
shown by slower mobility for 4E-BP1, indicative of increased
mTOR activity during mitosis. In addition, we also observed
that S6 phosphorylation was increased in mitosis in primary
and immortalized cells but not transformed cells (Fig. 2D and
E), despite equal S6 protein levels (Fig. 2D).

mTORC1 phosphorylation of its distinct targets has recently
been shown to be differentially regulated in a cell-specific man-
ner, which may be relevant to our observation of uncoupled
4E-BP1 and S6K1 regulation in response to diverse treatments,
as noted below (10). The differential regulation of mTORC1
targets among different cell types may help explain why some
investigators have reported decreased S6K1 activity during mi-
tosis while others have reported increased signaling (6, 59, 64).
In this regard, we note that not all mTORC1 targets are phos-
phorylated during mitosis. For instance, eIF4GI is phosphory-
lated downstream of mTORC1 in response to various signals
but was hypophosphorylated during mitosis in HaCaT and
other cells (see Fig. S1 in the supplemental material; data not
shown) (6, 51). Further, S6K1 itself is differentially regulated
during mitosis. For instance, in HaCaT cells, we observed the
hyperphosphorylation of ribosome protein S6, indicative of
increased S6K1 activity (Fig. 2B). However, another well-
known target of S6K1, eEF2K, was slightly hypophosphory-
lated during mitosis, while eEF2 was hyperphosphorylated (see
Fig. S1 in the supplemental material) (8, 67). In mitotic HeLa
cells, eEF2 is dephosphorylated (62), although we have found
that this cell line is deregulated in mitotic signaling pathways,
making it a poor model for this research (our unpublished
studies). Decreased translational elongation in the growth
cone during mitosis, which could result from hypophosphory-
lation of eEF2K, has been reported as a possible mechanism of
translational inhibition during mitosis (61).

It was evident that the electrophoretic migration of raptor in
mitotic HaCaT cell extracts was slower than that in asynchro-
nous cells (Fig. 2B to D). To determine whether a nocodazole-
specific modification could account for altered raptor migra-
tion, we accumulated cells in mitosis through release from
thymidine block or by mechanical shake-off in the absence of
drugs. Enrichment of mitotic cells occurred 8 to 10 h after
thymidine release (data not shown) (61). Both of these tech-
niques revealed slowly migrating raptor and increased
mTORC1 activity in mitotic cells (Fig. 2F). We therefore in-
vestigated whether asynchronous and mitotic mTORC1 dis-
plays altered kinase activity. HEK 293 cells were transfected
with a hemagglutinin (HA)-tagged-S6K1 expression vector and
treated with LY294002 and rapamycin to block PI3K and
mTOR, respectively, and dephosphorylated S6K1 was recov-
ered by IP. mTORC1 was recovered by mTOR IP from asyn-
chronous or G2/M-arrested HaCaT cells. An in vitro kinase
assay was then performed to examine the activity of mTORC1
isolated from asynchronous and mitotic HaCaT cells based on
its ability to phosphorylate dephosphorylated S6K1. mTORC1
isolated from mitotic HaCaT cells exhibited an almost 2.5-fold
increase in activity, determined by measuring in vitro T389
phosphorylation of the immunoprecipitated, hypophosphory-
lated S6K1 protein, compared to mTORC1 obtained from

FIG. 1. Mitotic arrest of HaCaT cells. (A) Thymidine and nocoda-
zole double-drug treatment achieves more than 80% arrest of HaCaT
cells at G2/M. FACS analysis shown is representative of typical results
for untreated asynchronous and treated mitotically arrested cells.
(B) Mitotic HaCaT cells are translationally arrested. Cells were la-
beled with [35S]methionine as asynchronous or mitotically arrested
cultures, and the specific activity of incorporation into equal amounts
of protein was determined by trichloroacetic acid (TCA) precipitation
and scintillation counting. Standard errors of the means (SEMs) were
determined from three independent experiments. (C) The majority of
HaCaT cells reenter the cell cycle following G2/M arrest. Following
thymidine-nocodazole block and accumulation of �80% cells in G2/M
(A), cells were released from drug blockade and examined by FACS
analysis for cell cycle distribution as a function of time postrelease.
Results are an averages of 3 independent experiments.
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asynchronous cells (Fig. 2G). Thus, mTORC1 purified from
mitotic cells is more than twice as active as that in asynchro-
nous cells. Moreover, the form of raptor that copurifies with
mTOR as a component of mTORC1 in mitotic cells corre-
sponds entirely to the slower-mobility raptor protein (Fig. 2G).
In vitro kinase activity of mitotic mTORC1 was also found to
be increased almost 2-fold using a commercial in vitro kinase
assay (data not shown). Other groups have also reported in-
creased mTORC1 activity during mitosis (37). We tested the
vitro kinase activity of S6K1, and as expected from increased
mTORC1 signaling, mitotic lysates displayed an �2-fold
increase in S6K1 activity compared to asynchronous cells
(Fig. 2H).

Mitotic cells differ from asynchronous cells in response to
inhibition of mTORC1 upstream pathways but not formation
of mTORC1. As greater than 50% silencing of mTOR could
not be achieved (data not shown), to further investigate the
mTOR pathway, asynchronously growing or mitosis-arrested
cells were treated with established inhibitors of mTOR signal-
ing. Both rapamycin (an mTORC1-allosteric inhibitor) and
LY294002 (a PI3K and mTOR inhibitor) reduced mTORC1
activity in asynchronous cells, as measured by decreased phos-
phorylation of S6K1 at T389 and hypophosphorylation of 4E-
BP1 in cells treated with the inhibitors (Fig. 3A). However,
neither treatment had any effect on S6K1 or 4E-BP1 phosphory-
lation in mitotic cells. To confirm that mTORC1 is the kinase
responsible for phosphorylation of these targets during mitosis,
an ATP-competitive inhibitor of the mTOR active site (PP242
[15]) was added to asynchronous and mitotic cells and phos-
phorylation of downstream targets was analyzed. This small-
molecule inhibitor differs from rapamycin in that it strongly
blocks both mTORC1 and mTORC2 activities, whereas rapa-
mycin complexes with the mTOR binding protein FKBP12,
partially inhibiting mTORC1 via a poorly described mecha-
nism (15, 27). mTOR kinase activity inhibition by PP242
blocked phosphorylation of S6K1 (T389), S6 (T240/T244), and
4E-BP1 (S65) in asynchronous and, to a lesser extent, mitotic
cells (Fig. 3B). The level of PDCD4 also increased in mitotic
cells treated with PP242, providing further evidence for
mTORC1 inhibition. Furthermore, silencing of rictor, an es-
sential mTORC2 component (53), did not decrease phosphor-

FIG. 2. Immunoblot and phosphoimmunoblot analysis of
mTORC1-associated proteins obtained from asynchronous and mi-
totic HaCaT cells. (A and B) Amino acid position corresponds to
specific phosphoprotein sequences. Note that in G2/M-arrested cells
raptor mobility is retarded. Phosphorylation of histone 3 at position
S10 is shown as a marker of mitosis. Equal amounts of protein lysates
were used for analyses, which are typical of at least three independent
experiments. eIF4A is provided as a loading control. (C) Inhibition of
the Erk1/2 pathway with MEK inhibitor PD98059 does not prevent
mTORC1 activation during mitosis. Asynchronous and mitotic HaCaT
cells were treated with 10 �M PD98059, and equal amounts of protein
lysates were analyzed by immunoblotting. Slowly migrating (hyper-
phosphorylated) and fast-migrating (hypophosphorylated) 4E-BP1
proteins are shown. (D) Lysates of asynchronous and mitotic cell lines
shown were assessed for the indicated phosphoproteins and proteins,
demonstrating that raptor mobility retardation and mTORC1-target
phosphorylation during mitosis are not cell line-specific events. (E) P-
S6/S6 ratios were determined by densitometry and averaged from
three independent experiments, with background fluorescence sub-
tracted. SEMs are shown. (F) HaCaT cells were grown asynchronously
(CTL) or arrested at G1 using thymidine (T) and released for the

indicated times. (Top) Cell lysates were blotted for the proteins shown.
(Bottom) Lysates from asynchronous or mitotic cells dislodged by
mechanical shake-off without other treatments were resolved and im-
munoblotted for the indicated proteins. (G) mTOR binding to raptor
and S6K1 complexes in asynchronous and mitotic HaCaT cells and
mTORC1 activity. HA-S6K1 was isolated from LY294002-rapamycin-
treated HEK 293T cells to prevent its phosphorylation, mixed with
mTORC1 isolated from asynchronous or mitotic HaCaT cells, and
then subjected to an in vitro kinase assay. Proteins were resolved by
SDS-PAGE and detected by immunoblot analysis. All results shown
are representative of at least three independent experiments using
equal amounts of protein lysates. Mitotic S6K activity was normalized
by comparing the ratio of band density of phospho-S6K1 to total
HA-S6K1 for mitotic cells to that for asynchronous cells. Values were
determined from three independent experiments. (H) S6K1 activity
from equal amounts of asynchronous or mitotic cell lysates was deter-
mined using in vitro kinase assays. SEMs were calculated from three
independent experiments.
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ylation of these targets during mitosis, eliminating the possibility
of mTORC2 involvement (see Fig. S2 in the supplemental mate-
rial). Collectively, these data indicate that mTORC1 has in-
creased activity and is responsible for phosphorylation of its

downstream targets during mitosis. The inability of rapamycin to
inhibit mitotic mTORC1 suggests differences in the activity of the
complex during different phases of the cell cycle and possibly
rapamycin sensitivity (53).

FIG. 3. Raptor is modified during mitosis and required to prevent G1 cell cycle arrest. (A) Activity of mTORC1 in HaCaT cells is not prevented
during mitosis by mTOR inhibitors rapamycin and LY294002. Equal amounts of protein lysates from asynchronous and mitotic HaCaT cells were
examined by SDS-PAGE and immunoblot analysis as shown. 4E-BP1 was resolved into hyper- and hypophosphorylated forms. Cells were treated with
vehicle alone as a control. (B) Phosphorylation of mTORC1 targets is prevented by mTOR-specific kinase inhibitor PP242 during mitosis. Lysates were
treated as for panel A. (C) shRNA-mediated downregulation of raptor decreases phosphorylation at the mTORC1-specific sites of S6K1 (T389) and
PRAS40 (S183) (top) and decreases mTOR-dependent phosphorylation of 4E-BP1 (S65) (bottom). Equal amounts of protein were examined by
immunoblotting as shown. Blots are representative of at least three independent experiments. (D) Double thymidine block of HaCaT cells causes
accumulation of cells in G1. Cells were treated as described in Materials and Methods and analyzed by FACS. Typically, 85 to 90% of cells accumulate
in G1. (E) Raptor silencing impairs cell cycle progression into S phase. HaCaT cells with and without raptor silencing were accumulated in G1 by double
thymidine block and then released, and reaccumulation in G1/early S phase was assessed by FACS. (F and G) Both mitotic and asynchronous raptor binds
mTOR and mTORC1 substrate 4E-BP1. (F) Asynchronous and partially mitotically arrested 293 cells were transfected with a Myc-mTOR expression
vector. Cells were approximately equally distributed between G1 and G2/M, with a smaller fraction in S phase. Cells were immunoprecipitated with
specific antibodies, and associated proteins were identified by immunoblot analysis, as indicated. Typical results of three independent studies are shown.
IP, immunoprecipitate; FT, flowthrough. (G) HaCaT cells were transfected with a Flag–HA–4E-BP1 expression vector and either left asynchronous or
mitotically arrested by thymidine-nocodazole block. Equal amounts of protein lysates were immunoprecipitated for Flag–4E-BP1, and associated proteins
were identified by immunoblot analysis. FT indicates the flowthrough fraction not retained in the immunoprecipitate.
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We assessed the effect of raptor depletion on mitotic
mTORC1 signaling. Asynchronous and mitotic HaCaT cells
were silenced with control nonsilencing (NS) or raptor short
hairpin RNAs (shRNAs), achieving raptor silencing of �70%
(Fig. 3C). Raptor silencing in mitotic cells partially blocked
phosphorylation of S6K1 at position T389, PRAS40 at position
S183, and 4E-BP1 at S65 (Fig. 3C). Silencing also slightly
elevated the levels of S473-phosphorylated AKT indepen-
dently of the cell cycle (Fig. 3C), possibly through decreased
mTORC1 feedback inhibition (31). While raptor silencing was
insufficient to fully prevent mTORC1 phosphorylation of its
targets, it clearly slowed progression through the cell cycle
(Fig. 3D and E). After release of HaCaT cells from a double
thymidine block, which synchronizes approximately 85% of the
cells at G1 despite raptor silencing (Fig. 3D), both NS control
and raptor-silenced cells exited G1 (Fig. 3E). However,
whereas most NS control and raptor-silenced cells continued
to cycle back to G1 by 16 h following release, raptor-silenced
cells transited more slowly through G1, demonstrating a sig-
nificant delay in progression through the cell cycle and accu-
mulation back in G1 (Fig. 3E). Similarly, inhibition of
mTORC1 with rapamycin also causes G1 arrest (27, 69). We
therefore explored whether raptor is modified in mitosis, pos-
sibly mediating differential association with known binding
partners required for efficient cell cycle progression.

For these studies we used HEK 293 cells because 12 h of
treatment with nocodazole only partially arrests the population
of cells in G1, providing almost equal numbers of cells in
prometaphase and G1/early S (see Fig. 4B [FACS analysis]).
293 cells were first transfected with an expression vector for
Myc-tagged mTOR, which was then immunoprecipitated from
asynchronous and mitotic cell lysates. Under these conditions,
mTOR was associated with both electrophoretically faster
(lower band) and slower (upper band) forms of raptor only in
the partially arrested population (Fig. 3F). We also examined
asynchronous and mitotic cells for raptor binding to 4E-BP1,
with which it interacts through a target of rapamycin signaling
(TOS) motif (56). HaCaT cells were transduced with a Flag-
HA-tagged 4E-BP1 construct and arrested at mitosis by thy-
midine-nocodazole block or grown asynchronously, followed
by immunoprecipitation of Flag–4E-BP1 and analysis of en-
dogenous raptor association. Similar to the mTOR interaction,
raptor from both asynchronous and mitotic cells bound equally
well to 4E-BP1 (Fig. 3G). We therefore conclude that mitotic
raptor associates equally well with at least two of its established
binding targets. mTORC1 responds differently to upstream
signaling pathways and to inhibitors in mitotic cells than it does
in cycling cells, and it exhibits differential activity toward its
substrates compared to mTORC1 of asynchronous cells. As
described above, we excluded the possibility that mTORC2
phosphorylates mTORC1 targets during mitosis, because si-
lencing of the mTORC2-specific rictor protein did not alter
phosphorylation of 4E-BP1, PRAS40, or S6K1 during mitosis,
nor did it affect cell cycle progression (see Fig. S2 in the
supplemental material) (54).

Raptor is phosphorylated at multiple sites during mitosis.
Since the expression of raptor protein from a transfected plas-
mid carrying raptor cDNA without its 5� and 3� regulatory
elements also demonstrated altered electrophoretic mobility
during mitosis (data not shown), the modification was most

likely a result of mitosis-specific phosphorylation. We there-
fore used 293 cells arrested at mitosis with a single nocodazole
block for 12 h, producing both fast- and slow-mobility raptor
forms, and subjected lysates to phosphatase treatment (Fig.
4A). Under these conditions, roughly equal fractions of the cell
population were found in G2/M and G1/early S, with a smaller
fraction in authentic S phase (Fig. 4B). Calf intestinal phos-
phatase (CIP) treatment reverted the slower-migrating mitotic
raptor band to the faster form found in asynchronous cells,
confirming phosphorylation as the alteration responsible for
raptor mobility (Fig. 4A). Both fast- and slowly migrating rap-
tor protein forms were isolated by gel electrophoresis from
mitotically arrested 293 cells subjected to nocodazole block
and compared to raptor isolated from asynchronous cells.
Phosphopeptide mapping was carried out by mass spectrome-
try (MS) of the raptor proteins. Slow-mobility raptor protein
isolated from mitotic cells contained seven phosphorylation
sites; these sites, which were not strongly present or detectable
in high-mobility raptor or raptor isolated from asynchronous
cells, were mapped to and identified in individual amino acids
(Fig. 4C and D). Raptor is composed of a central region that
contains no known sequence motifs, a C terminus containing 7
WD40 elements (25, 33), and mTOR binding sites in both the
N and C termini (Fig. 4C). All of the identified phosphoryla-
tion sites that were strongly represented in mitotically isolated
raptor mapped to the central region. All phosphorylation sites
are also conserved between human and mouse raptor proteins
as shown, and four are found in Drosophila (S722, S855, S863,
and S877). Raptor is therefore multiply phosphorylated during
mitosis at seven sites. Although we cannot formally exclude the
possibility of additional mitosis-specific phosphorylation sites
not detected by MS, while the manuscript was under review,
five of these raptor phosphorylation sites, all except S722 and
S721, were also identified by others, although not with respect
to mTORC1 activity in mitosis. Insulin was shown to stimulate
phosphorylation of S863, and other identified sites were shown
to be associated with mTORC1 activity (18, 66).

Phosphorylation of raptor by AMPK was recently reported
to be associated with the sequestration of raptor by 14-3-3�
protein, effectively preventing mTORC1 function during
AMPK activation (24). We found that one of the reported
AMPK raptor sites is also phosphorylated during mitosis, as
determined by MS. We therefore sought to determine whether
mitosis-specific phosphorylation of raptor is also associated
with raptor/14-3-3� interaction. Asynchronous, mitotic, or
AICAR-treated HaCaT cells were subjected to IP with 14-3-3�
antibody, and raptor was detected by immunoblotting. As
shown in Fig. 4E, 14-3-3� associates with raptor in asynchro-
nous cells and this association is increased by AMPK activation
with AICAR treatment, as expected, but mitotic raptor does
not co-IP with 14-3-3�. 14-3-3� levels are unaltered during
mitosis (Fig. 4F). These findings therefore indicate that the
mitosis-specific phosphorylation of raptor is independent of
14-3-3� binding and may have distinct functions.

Phosphorylation-deficient mutants of raptor associate with
mTORC1 but delay cell transit through G2/M. To determine
the function of mitosis-mediated phosphorylation of raptor,
the seven identified phosphorylation sites were mutated or
deleted and the proteins were expressed as Flag- and HA-
tagged proteins from retrovirus vectors in HaCaT cells. Exog-
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enously expressed proteins consisted of wild-type raptor, mu-
tants with all seven phosphorylation sites mutated to aspartic
acid (D7) to mimic phosphorylation or to nonphosphorylatable
alanines (A7), and a mutant containing a 230-amino-acid (aa)
deletion encompassing the entire phosphorylated region of
raptor (	230) (Fig. 5A). When expressed in HaCaT cells, wild-
type raptor migrated more slowly during mitosis. The shift,

already present in asynchronous cells, was much less pro-
nounced for raptor D7 during mitosis and only slight for raptor
A7. Raptor 	230 was poorly expressed (darker exposure for
	230 in Fig. 5A), and it completely failed to shift to slower
mobility during mitosis. While raptor 	230 was capable of
forming complexes with mTOR and its expression in HaCaT
cells slowed their growth, its expression was quickly lost from

FIG. 4. Raptor is hyperphosphorylated during mitosis. (A) Mixed mitotic 293 cell lysates produced by partial block with nocodazole were
incubated with increasing amounts of calf intestinal phosphatase (CIP) at 37°C. (B) 293 cells were partially blocked in G2/M by 12 h of nocodazole
treatment. FACS analysis demonstrates an almost equal distribution of cells in G1 and G2/M. (C) Diagram of raptor showing conserved motifs and
the identified mitosis-specific phosphorylation region. (D) Alignment of human, mouse, and Drosophila phosphorylated regions of raptor. Sites
identified by this work as ones where phosphorylation is increased during mitosis are indicated. (E and F) Raptor does not interact with 14-3-3�
during mitosis. 14-3-3� was immunoprecipitated from lysates of cells treated as indicated and probed for interaction with raptor by immunoblot-
ting. (F) Input lysates were resolved by electrophoresis, and levels of phospho-AMPK and 14-3-3� during mitosis and after activation of AMPK
with AICAR were assessed by immunoblotting.
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cells despite continued selection, suggesting that it was unsta-
ble, toxic, or both (see Fig. S3A in the supplemental material;
data not shown). We therefore focused on the D7 and A7

raptor mutants. Wild-type, D7, and A7 raptor proteins were all
recovered in complexes of mTORC1 with mTOR, LST8, and
PRAS40 (Fig. 5B). Because raptor phosphorylation mutants
interact with mTOR similarly to wild-type raptor protein, stud-
ies were carried out to determine whether mTORC1 that con-
tains raptor phosphorylation mutants has functional kinase
activity.

We assessed the effect of the different raptor mutants on
mTORC1 in vitro kinase activity. Compared to wild-type raptor
(mTORC1 expression normalized to 100% activity), phospho-

mimetic raptor D7 increased the ability of mTORC1 to phos-
phorylate S6K1 by �40%, whereas phosphorylation-deficient
raptor A7 decreased it to about one-third in asynchronous cells
(Fig. 5C). In contrast, in mitotic cells, D7 raptor activity did not
strongly further increase S6K1 phosphorylation above that of
wild-type raptor, whereas A7 raptor remained poorly phosphory-
lated (Fig. 5C). These data are consistent with “activation” of
raptor by aspartic acid substitutions that cannot be significantly
further activated in mitosis. Significantly decreased signaling
by mTORC1 containing the raptor A7 mutant was also found
in vivo, evidenced by reduced P-S6K1 T389 and P-PRAS40
S183 in mitotic raptor A7-expressing cells (Fig. 5D). Neverthe-
less, cells overexpressing mutant raptor proteins did not differ

FIG. 5. Effect of overexpression of raptor phosphorylation mutants in HaCaT cells. (A) Expression of phosphoraptor mutants. Asynchronous
and mitotic HaCaT cells were transduced with HA-tagged raptor constructs, and equal amounts of lysates from asynchronous or mitotic cells were
immunoblotted for the indicated proteins: wild-type (WT) raptor, phosphomimetic (aspartic acid) raptor (D7) and phosphorylation-deficient-
alanine raptor (A7) (both mutated in the seven identified mitosis-phosphorylation sites), and 	230 raptor, deleted of the phosphorylation region
containing all seven identified phosphorylation sites. Lighter and darker exposures of raptor protein blots are shown. Typical results of multiple
independent experiments are shown. (B) WT, D7, and A7 raptor proteins all form mTORC1 complexes. HA-raptor proteins were immunopre-
cipitated from equal amounts of transfected HaCaT cell lysates, and associated proteins were detected by immunoblot analysis. Unbound
(flowthrough) proteins of the immunoprecipitate are shown. eEF2, which does not associate with mTORC1, is shown. Control vector (V) does not
express a raptor protein. (C) In vitro kinase assays of mTORC1 activity. mTOR was immunoprecipitated using conditions that preserve mTORC1
integrity and mixed with dephosphorylated, immunoprecipitated HA-S6K1 in an in vitro kinase assay, as described for Fig. 2E. Results were
normalized to asynchronous wild-type raptor control and are expressed as the means of the density ratios of P-S6K1 T389 to S6K1 
 SEMs from
three independent experiments (P � 0.05). (D) Expression of raptor A7 decreases mTORC1 activity during mitosis. Asynchronous and mitotic
HaCaT cells were transduced with HA-tagged raptor constructs, and equal amounts of lysates from asynchronous or mitotic cells were immuno-
blotted for the indicated proteins. (E) Proliferation rates of cells overexpressing raptor constructs or silenced for endogenous raptor. Proliferation
rates were normalized to the vector control (Vec). Standard deviations of the means are shown for three experiments. P was �0.05 by paired t test.
(F) Cells expressing raptor A7 accumulate in G2. Raptor silencing alone results in G1 accumulation. Control HaCaT cells express nonsilencing (NS)
shRNA and vector alone rather than HA-raptor or vector alone and raptor shRNA. Cells were analyzed by FACS. Typical results are shown.
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in their responses to rapamycin treatment (see Fig. S3B in the
supplemental material), suggesting that unknown mitotic rap-
tor modifications may play a role in the rapamycin insensitivity
of mitotic mTORC1 or that mitotic alteration of other com-
ponents of mTORC1 do so. We note that it was not possible to
test all permutations of the identified raptor phosphorylation
sites (over 5,000) and that there is no means for prioritizing
them at this time.

Cell proliferation assays were performed to determine
whether raptor mutants influence rates of cell cycling. Raptor
depletion by RNAi decreased cell proliferation rates (�25%),
and overexpression of wild-type raptor increased cell prolifer-
ation rates (20%) (Fig. 5E). The D7 raptor phosphomimetic
mutant increased cell proliferation rates by almost 40%, even
more than wild-type raptor, while phosphorylation-deficient
raptor A7 reproducibly decreased cell proliferation by �20%
(Fig. 5E) (P values for all results are �0.05 by paired t test).
Changes in cell proliferation were consistent with the cell cycle
transit results (Fig. 5F). In cells overexpressing raptor mutants,
D7-expressing cells traversed G2/M faster than both wild-type
raptor and A7-expressing cells. The A7-overexpressing cells
traversed G2/M at a slower rate than wild-type and D7 raptor-
expressing cells, consistent with their slower proliferation rate
(Fig. 5F). The cell cycle distribution of cells expressing the
different raptor proteins in a raptor-silenced background was
therefore analyzed. As noted previously, raptor silencing de-
lays cell cycling, retaining cells at G1 (Fig. 3E). Interestingly,
expression of wild-type raptor, mutant raptor D7, or raptor A7

all rescued the G1 accumulation phenotype resulting from rap-
tor silencing (Table 1). Expression of the phosphorylation-
deficient raptor A7 mutant (but not the phosphomimetic D7

mutant) also caused increased cell accumulation at G2/M (Fig.
5F; Table 1). The D7 mutant cells, as expected, showed the
opposite result, with faster transit through G2/M (Fig. 5F) and
faster transit through the G1 and S phases of the cell cycle
(Table 1; data not shown). This result explains the lack of
change in cell cycle distribution with the raptor phosphomi-
metic D7 mutant. Therefore, while overall raptor levels are
important for G1 progression, as shown by the delay in G1

transit in raptor-silenced cells, raptor phosphorylation is asso-
ciated with facilitated progression through G2/M.

Raptor phosphorylation in G2/M stimulates cap-indepen-
dent IRES-mediated mRNA translation. A major target of
mTORC1 activity is regulation of translation. We therefore
assessed the effect of overexpression of wild-type, D7, or A7

raptor proteins on overall protein synthesis in HaCaT cells.

Interestingly, overexpression of wild-type, D7, or A7 raptor did
not affect overall protein synthesis rates in asynchronous cells,
nor did it alter the well-established downregulation of protein
synthesis in mitosis (data not shown). Cap-independent, IRES-
mediated translation of specific mRNAs plays an important
role in mitotic progression (47, 70). Consequently, we ad-
dressed the possibility that mTORC1 signaling during mitosis
could affect IRES-mediated mRNA translation. Translation
directed by the encephalomyocarditis virus (EMCV) IRES in
HaCaT cells overexpressing wild-type or mutant raptor pro-
teins was analyzed by transfection of a combined cap-depen-
dent and IRES-dependent bicistronic luciferase mRNA.
EMCV IRES-directed translation was decreased by �45% in
asynchronous cells overexpressing raptor A7 (Fig. 6A; see Fig.
S4A and B in the supplemental material). To specifically mea-
sure cap-independent translation during mitosis, 293 cells
(which transfect at much higher efficiency than HaCaT cells)
were cotransfected with raptor-expressing vectors, a cap-de-
pendent �-galactosidase expression vector (73), and an EMCV
IRES enhanced green fluorescent protein (EGFP) expression
vector and cell lysates were subjected to IP after [35S]methi-
onine and [35S]cysteine radiolabeling. Cap-independent trans-
lation (the ratio of green fluorescent protein [GFP] to �-ga-
lactosidase) increased by almost 2.5-fold during mitosis but
was blocked by overexpression of raptor A7 (Fig. 6B; see Fig.
S4C in the supplemental material). Similar results were ob-
tained with the vascular endothelial growth factor A
(VEGF-A) IRES reporter (data not shown). In addition, a
small number of cellular mRNAs contain IRES elements and
translate via these elements during mitosis, including ornithine
decarboxylase (ODC) and c-myc mRNAs (47). Immunoblot
analysis of mitotic and interphase HaCaT cells indicated that,
while both ODC and c-myc protein levels increased during
mitosis in wild-type and D7 raptor-expressing cells, raptor A7

overexpression largely blocked this effect (Fig. 6C), again con-
sistent with a requirement for phosphorylated raptor in IRES-
dependent mRNA translation during mitosis. To determine
whether A7 raptor expression specifically impaired ODC and
c-myc mRNA translation during mitosis, lysates of [35S]methi-
onine- and [35S]cysteine-radiolabeled HaCaT cells were immu-
noprecipitated with antibodies against eIF4A (cap-dependent)
and ODC (cap-independent) proteins. ODC translation in-
creased during mitosis by almost 3-fold in wild-type and D7

raptor-expressing cells but not in cells overexpressing raptor
A7 (Fig. 6D). Thus, raptor phosphorylation and likely
mTORC1 activity promote IRES-dependent mRNA transla-
tion during mitosis.

Mitosis-mediated raptor phosphorylation involves cdc2 and
GSK3 pathways. Four of the identified phosphorylated amino
acids in raptor (S696, T706, S863, and S877) are potential
targets (based on consensus motifs) of cdc2 and GSK3, which
are active kinases during mitosis (63). Two residues (S696 and
S859) are also potential targets of Chk1, which, apart from its
role in the DNA damage response, is also involved in normal
mitotic entry and spindle checkpoint function (38, 74).

To explore the possible control of mTORC1 phosphoryla-
tion during mitosis, asynchronous and mitosis-arrested HaCaT
cells were treated with the cdc2-specific inhibitor CGP74514A
(CGP) and raptor phosphorylation was analyzed by determin-
ing mobility shift (Fig. 7A). Inhibitors were added after mitotic

TABLE 1. Raptor phosphorylation alters cell cycle distributiona

HA-raptor
expressed

Presence of
raptor

shRNA

% of cells in:

G1 S G2/M

None � 45.6 19.3 35.1
WT � 46.0 11.0 43.0
D7 � 46.4 10.7 42.9
A7 � 34.8 9.1 56.1
None � 72.9 13.0 13.6

a HaCaT cells were transfected with nonsilencing shRNA or raptor silencing
shRNAs and HA-raptor expression vector or vector alone (none). Cells were
analyzed by FACS. Results of three independent experiments were averaged and
are shown.
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arrest by nocodazole treatment, and then mitotic cells were
removed by the mechanical shake-off method, ensuring that
the cells acquired were almost entirely mitotic. CGP74514A
had no effect on the migration or abundance of raptor in
asynchronous HaCaT cells but incompletely restored a faster-
mobility form of raptor in mitotic cells (Fig. 7A). It is therefore
likely that the cdc2 pathway is necessary for phosphorylation of
some residues that alter raptor mobility during mitosis. Con-
trol studies in asynchronous cells demonstrated reduction of
cyclin B1 S126 phosphorylation by CGP (Fig. 7B). Asynchro-
nous and mitotic HaCaT cells were treated with inhibitors of
GSK3, Chk1, and CK2, a kinase also involved in cell cycle
transit that is not predicted to recognize any of the 7 identified
raptor phosphorylation sites. Inhibitors of GSK3 (BIO) and
Chk1 (SB), but not CK2 (TBB), partially reduced raptor elec-
trophoretic mobility during mitosis compared to that of control
untreated raptor (Fig. 7C), similar to the effect of CGP74514A.
All inhibitors behaved as expected on control targets (Fig. 7B),
including reduced S126 phosphorylation on cyclin B by CGP
and SB and increased �-catenin levels by BIO or BIO/CGP.
Alteration of raptor mobility by BIO or SB was accompanied
by decreased phosphorylation of S6K1 at the mTORC1 site
(T389) (Fig. 7C). SB (which inhibits both cdc2 and Chk1 [32])
increased raptor mobility during mitosis and decreased S6K1
phosphorylation, again suggesting that cdc2 is involved in mi-
totic mTORC1 phosphorylation (Fig. 7C). Since Chk1 silenc-
ing did not alter raptor mobility during mitosis (data not
shown), the effect of SB on raptor phosphorylation was most
likely due to cdc2 inhibition. Although CK2 is active during
mitosis, its inhibition also did not alter raptor mobility
(Fig. 7C).

To determine whether raptor phosphorylation involves both
cdc2 and GSK3 pathways, both were inhibited upon HaCaT

cell entrance into mitosis. Combined cdc2 and GSK3 inhibition
largely eliminated slow-mobility mitotic raptor and strongly
blocked S6K1 phosphorylation at position T389 and PRAS40
phosphorylation at position S183 (Fig. 7D). Inhibition of other
kinases active in mitosis, including Plk1, Aurora A, and Aurora
B, had no detectable effect on raptor mobility in mitosis or
S6K1 phosphorylation (data not shown), nor did Erk1/2 inhi-
bition (Fig. 2C). Moreover, immunoprecipitated mTORC1
that was obtained from mitotically arrested cells treated with
CGP and BIO displayed �2-fold-diminished in vitro kinase
activity with dephosphorylated S6K1 as a target, compared to
mTORC1 isolated from control mitotic cells (Table 2). There
was no effect of other inhibitors on mTORC1 in vitro kinase
activity when mTORC1 was isolated from asynchronous cells
(data not shown). To further corroborate the site-specific mod-
ifications of raptor during mitosis and their control by the
cdc2/GSK3 pathways, we utilized phospho-specific antibodies
to probe endogenous raptor in asynchronous and mitotic
cells untreated or treated with BIO/CGP. As demonstrated
in Fig. 7E, using phospho-site-specific antibodies, phosphor-
ylation of raptor sites S696, S855, S863, and S877 was
strongly increased in untreated mitotic cells compared to
asynchronous cells. However, phosphorylation of these sites
was significantly blocked during mitosis by inhibition of
cdc2/GSK3, but not Erk1/2 (Fig. 7E; data not shown). More-
over, expression of ODC was severely decreased in mitotic
cells treated with CGP/BIO, as previously seen with raptor
A7 expression (Fig. 7E). These data indicate that raptor is
phosphorylated during mitosis through signaling pathways
involved in mitotic functions and that phosphorylation is
important for both G2/M progression and IRES-dependent
mRNA translation.

FIG. 6. Phosphorylation of raptor during mitosis is required for cap-independent translation. (A) HaCaT cells were transduced with the
indicated HA-raptor constructs and transfected with a bicistronic reporter expressing Renilla luciferase (EMCV IRES) and firefly luciferase
(cap-independent translation). The ratio of firefly to Renilla luciferase activity was assessed 24 h later. WT, wild type. (B) 293 cells were
cotransfected with the indicated HA-raptor constructs and pCR3-�gal and pIRES-EGFP constructs, subcultured, and grown asynchronously or
arrested with nocodazole. Cells were then radiolabeled, and lysates were subjected to immunoprecipitation with anti-�-galactosidase (cap-
dependent) or anti-GFP (cap-independent) antibodies. Shown are the average ratios of GFP/�-galactosidase levels from three experiments with
SEMs. (C) The indicated transduced HaCaT cell lysates were immunoblotted for the proteins shown and normalized to the asynchronous wild-type
raptor control. (D) HaCaT cells transduced with HA-raptor constructs as shown were grown asynchronously or arrested at G2/M and radiolabeled,
and lysates were subjected to immunoprecipitation with the indicated antibodies and normalized to the asynchronous wild-type raptor control.
SEMs are indicated.
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DISCUSSION

In complex metazoans, mTOR assimilates signals from
growth factors and nutrient availability to control cell size and
proliferation (reviewed in reference 72). Complex metazoans
coordinate cell size and proliferation to maintain organ and
organismal size (reviewed in reference 44). For example, mu-
tations that cause an increase in cell proliferation in the Dro-
sophila wing are countered by reduced cell size, producing
mutant wings of normal size (41). In contrast, mutations in the
mTORC1 pathway are distinct because they alter cell growth,
organ growth, and cellular proliferation. For example, muta-
tion of the TSC2 ortholog gigas in Drosophila alters the cell
cycle, resulting in endoduplication and enlarged cells, as well
as enlarged organ size (30). In addition, S6K1 knockout mice

are smaller in size and smaller in cell size, demonstrating an
uncoupling of cell size from cell proliferation (60). How the
insulin-stimulated PI3K/AKT/mTORC1 nexus regulates cell
size and cell proliferation is still poorly understood. Activation
of the mTORC1 pathway increases cell proliferation in a mul-
tifaceted manner. mTORC1 activation inhibits the cell cycle
inhibitor p27 and blocks increased levels of cyclin D1, CDK4,
and other cell cycle-stimulatory factors (21, 52). In addition,
mTORC1 stimulates cell growth by increasing macromolecular
synthesis, including increased ribosome biogenesis, increased
overall protein synthesis, and increased nutrient import, and by
antagonizing catabolic processes such as autophagy and fatty
acid �-oxidation (72).

Available evidence indicates that mTORC1 activation is as-
sociated with anabolic processes, particularly increased protein
synthesis. Our data show that established upstream activating
networks of mTORC1, such as PI3K and Ras/Erk, are down-
regulated during mitosis, yet mTORC1 remains active. Indeed,
inhibitors of the PI3K/AKT/mTORC1 pathway, including
LY294002 and rapamycin, did not prevent mTORC1 activity
during mitosis. Mitotic mTORC1 is therefore distinct from the
asynchronous complex, a key difference being mitosis-specific
raptor phosphorylation. The phosphorylated form of raptor
establishes intact, active mTORC1 complexes with mTOR and
LST8, it can bind mTORC1 targets such as PRAS40 and 4E-
BP1, and it displays moderately higher in vitro and in vivo
kinase activities. Our results also suggest that PRAS40 is not
simply a competitive inhibitor of mTORC1 since it is associ-
ated with mTORC1 despite increased activity of the complex
in mitosis. It is paradoxical that mTORC1 is active in mitosis,
a period during which global protein synthesis is impaired. This
is likely because translation of certain mRNAs must continue
for production of factors involved in mitotic progression (47,
48, 70). Our results indicate that phosphorylation of raptor,
which is associated with mTORC1 activity in mitosis, stimu-
lates cap-independent translation. However, our experiments
with raptor phosphorylation mutants show that ablation of
raptor phosphorylation, while decreasing mTORC1 activity in
asynchronous cells, has no effect on rapamycin sensitivity.
Other factors may therefore play a role in promoting rapamy-
cin resistance during mitosis. Our data also add to the growing
evidence that mTORC1 output to its targets is likely distinctly
regulated, suggestive of another layer of complexity in the
mTOR regulatory network that is temporally controlled and
possibly cell type specific (10).

Several of the mitotic raptor phosphorylation sites are con-

TABLE 2. In vitro mTORC1 activitya

Cell condition Treatment mTORC1 activity
(%) 
 SEM

Asynchronous None 100
Asynchronous CGP � BIO 97 
 6
Mitotic None 220 
 20
Mitotic CGP � BIO 139 
 5

a Assay of mTORC1 in vitro kinase activity was performed by determining
S6K1 phosphorylation at T389 compared to total HA-S6K1, as described for Fig.
2F. Activity was normalized to that of asynchronous control cells. mTORC1
activity is diminished when mTOR is isolated from mitotic cells treated with
CGP74514A and BIO compared to that for untreated mitotic cells. Values are
averages from three independent sets of data.

FIG. 7. Inhibitors of cdc2 and GSK3 kinase pathways prevent mi-
tosis-specific phosphorylation of raptor. (A) Asynchronous and mitotic
HaCaT cells were treated with cdc2 kinase inhibitor CGP74514A or
left untreated, and equal amounts of protein lysates were analyzed by
immunoblotting for the indicated proteins. eIF4A is shown as a control
for protein loading. (B) Control data for inhibitor action. Inhibitor
CGP was used at 1.5 �M, SB218078 (SB) was used at 2.5 �M, and BIO
was used at 2 �M, as described in Materials and Methods. Equal
amounts of HaCaT protein lysates were examined by immunoblot
analysis as shown for total and phosphorylated forms of the proteins.
Typical results of three independent experiments are shown. �-Tubulin
is shown as a loading control. (C) Asynchronous or mitotic HaCaT
cells were treated with the indicated inhibitors: BIO, GSK3; TBB,
CK2; SB218078 (SB), Chk1 and cdc2. Equal amounts of lysates were
analyzed by immunoblotting. �-Tubulin and eIF4A are shown as load-
ing controls. (D) As in panel C, but cells were either left untreated or
treated with a combination of BIO (GSK3 inhibitor) and CGP74514A
(cdc2 inhibitor). Proteins were subjected to immunoblotting as shown.
(E) As for panel D, cells were immunoblotted for the raptor phospho-
specific sites or for total proteins, as indicated.
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served in multiple higher eukaryotes, and all map to a middle
region of raptor lacking established motifs or structural ele-
ments. The phosphomimetic raptor D7 mutant, in which as-
partate residues are substituted for serine and threonine phos-
phorylation sites, binds mTOR and is associated with higher in
vitro mTORC1 kinase activity and increased cell proliferation.
Conversely, phosphorylation-deficient raptor A7 protein de-
creases endogenous raptor-silenced cell accumulation in G1,
decreases mTORC1 activity, and instead promotes increased
accumulation of cells in G2. These data suggest that raptor
also has a role in progression through the G2/M phase of the
cell cycle. These results help to explain several previous
observations. For example, a high-throughput screen for
factors involved in maintaining cell size and cell cycle pro-
gression identified raptor as a protein involved in both G1

arrest (as expected) and decreased cytokinesis (4), which
agrees with our findings that raptor plays a role in mitosis.
Moreover, insulin-mediated activation of the canonical
dTOR/dRaptor pathway in Drosophila was found to inhibit
G2/M cell cycle progression (71). Our results suggest that,
during G2/M, upstream signaling by PI3K/AKT is decreased
(possibly to disable other PI3K/AKT targets) but cdc2/
GSK3 pathways increase mitotic mTORC1 activity, cap-in-
dependent (IRES) mRNA translation, and progression
through G2/M. A recent report has shown that S6K1 can
phosphorylate and inhibit GSK3 by AKT feedback inhibi-
tion (75). How then is GSK3 active during mitosis to phos-
phorylate raptor? One possibility is that, as noted above,
S6K1 output is compartmentalized to only signal to certain
factors during mitosis. Accordingly, we do not observe an
increase in S6K1-mediated IRS-1 phosphorylation (data not
shown). In another high-throughput screen, dRaptor was
found to be required for proper mitotic spindle assembly in
Drosophila S2 cells (23). Phosphorylated raptor might there-
fore play a role in mitosis by adapting mTOR to target
proteins in addition to S6K1 and 4E-BP1. It is important to
note that phosphorylation of raptor during mitosis has con-
sequences distinct from those of AMPK-mediated raptor
phosphorylation, In this regard, our data have determined
that the mitotic modification of raptor prevents its associa-
tion with 14-3-3� during mitosis.

mTORC1 containing phosphorylated raptor displays char-
acteristics distinct from those of mTORC1 isolated from asyn-
chronous cells and akin to those found for human cytomega-
lovirus (HCMV)-infected cells (36). HCMV infection, similar
to mitosis, alters raptor electrophoretic mobility and prevents
it from being inhibited by rapamycin (36). Our results reveal a
novel region in raptor that is specifically hyperphosphorylated
during mitosis. This phosphorylation is associated with cell
cycle-dependent alteration of mTORC1 activity and increased
phosphorylation of some of its known targets and affects cap-
independent translation during mitosis. Furthermore, mitosis-
specific raptor phosphorylation is required for normal cell
growth and progression through G2/M. It is important to note
that a recent study demonstrated that p90 ribosomal S6 kinases
(Rsks) 1 and 2, which are activated by the Ras/mitogen-acti-
vated protein kinase (MAPK) pathway, also phosphorylate
raptor at position 722, which stimulates its activity (7). These
findings are distinct from the work reported here for two rea-
sons: the Rsks phosphorylate raptor at position 722, which is

only one of the mitosis-specific phosphorylation sites we iden-
tified, and inhibition of Erk/MAPK activity did not prevent
mTORC1 activity or raptor phosphorylation-dependent elec-
trophoretic mobility shift during mitosis. Our findings there-
fore disclose a new mechanism of cell cycle-specific mTORC1
regulation and function and an important new mechanism by
which rapamycin resistance of tumor cells may arise.
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